The infra-sound spectra recorded inside homes located even several kilometres far from wind turbine installations is characterized by large pressure fluctuation in the low frequency range. There is a significant body of literature suggesting inaudible sounds at low frequency are sensed by humans and affect the wellbeing through different mechanisms. These mechanisms include amplitude modulation of heard sounds, stimulating subconscious pathways, causing endolymphatic hydrops, and possibly potentiating noise-induced hearing loss. We suggest the study of infra-sound active cancellation and mitigation to address the low frequency noise issues. Loudspeakers generate pressure wave components of same amplitude and frequency but opposite phase of the recorded infra sound. They also produce pressure wave components within the audible range reducing the perception of the infra-sound to minimize the sensing of the residual infra sound.
Introduction
Sound is the propagation of pressure waves through compressible fluids such as air, but also incompressible fluids and solids. Sound waves are often simplified to a description in terms of sinusoidal plane waves, characterized by their frequency, the inverse of the period, and the amplitude. Sound that is sensed by human ears was believed Acoustic, from the Greek word akoustos meaning audible, that is the theory of propagation of sound waves, in principle includes the analysis of vibration, sound, ultrasound and infra sound. However, as hearing and speech are two of the most distinctive, interrelated, characteristics of humans, acoustic has been mostly focused on the study of pressure waves travelling in air with frequencies within the audible range of human ears, from 20 Hz to 20,000 Hz. Frequencies above and below the audible range are called ultrasonic and infrasonic, respectively.
Since the human ear does not have a flat spectral response, a recorded sound pressure level spectrum vs. frequency is unfortunately often frequency weighted when focusing on unwanted sounds or noise. The A-weighting is a simple approximation of the human hears sensitivity. The approximation was obtained for pure tonesi.e. a pressure wave of one single frequency -and very small amplitudes. This weighting basically overrates the sound pressure levels in the range of frequencies 1,000 to 7,000 Hz and tends to cancel the effects of pressure fluctuations occurring at other frequencies. The contribution of the sound pressure levels of frequencies below 1,000 Hz is then reduced, with everything below 20 Hz filtered out. Similarly, above 7,000 Hz, the contribution of sound pressure levels reduces approaching the 20,000 Hz and above 20,000 Hz, the A-weighting is simply undefined. The Aweighted sound pressure level is measured in dBA.
Other weightings as B-, C-of D-weightings have been around for years to better cover especially the low frequency sound pressure levels, and the effects on humans of pressure waves are certainly not simply detectable by global filtered averaging.
The dogmatic use of the A-weighting for environmental measurements to dismiss the claims of health issues due to the pressure waves produced by wind farm installa-tions is everything but acceptable, but this is the ongoing practice.
In the following sections, we will show typical noise spectra recorded within homes nearby wind farm installations. We will then discuss the human perception of the low frequency noise. Finally, we will examine the opportunity to cancel and mitigate the infra-sound.
Typical noise spectra within homes
The typical signature of a wind turbine is a sound pressure level vs. frequency curve with the sound pressure level generally increasing by reducing the frequency up to values even more than 100 dB at low frequencies and in the infra sound. If the traditional A-weighted measurement of the noise does not properly account for the large pressure wave fluctuations in the infra-sound and the low end of the audible range, not necessarily this means there is no opportunity for humans to sense these sounds. Images in Figure 1 , courtesy of Rickard James (personal communication, email of August 9, 2015) present the sound pressure levels vs. frequency inside houses several kilometers away from a wind turbine installation. a) is a sample sound pressure level vs. frequency in the infrasound and lower frequency audible ranges recorded at a given time. b) are the contours of recorded sound pressure levels vs. frequency and time in the lower infra sound. When the turbines are on, the infra-sound is much more intense than when the turbines are off, as the naturally occurring infra-sound is usually minimal. The sound pressure level spectrum is not constant but subject to fluctuations of different time scales. As shown in figure a), the fluctuation in the amplitude may be significant vs. the average value especially for the lower frequencies. Several harmonics are clearly evidenced in the contours. Within homes located at distance of several kilometers from the wind farm, humans may therefore still be exposed to continuous infra-sound and lower frequency audible sounds with sound pressure levels of considerable intensity 24 hours a day, 7 days a week.
Recording of the infra-sound produced by wind farm installation requires micro barometers rather than traditional microphones, and the recorded signal has not to be filtered with the A-weighting procedure. The A-weighting is a filter applied in effort to account for the relative loudness perceived by the human ear less sensitive to low frequencies. Although formerly intended only for the measurement of low level sounds, this filter is now used for the measurement of environmental noise, even though it is badly suited for these purposes. The A-weighting devalues the effects of low frequency noise, and completely filter out every pressure fluctuation that may occur below 20 Hz.
As the A-weighted measurement is only a conventional expression of the relative loudness of sounds as perceived by the human ear, this overrates the importance of the sound pressure level about the center of the audible range, but underrates the sound pressure level approaching the infra-sound or the ultrasound, and filters out every component with a frequency lower or higher than threshold values. This approach brings to the absurd that any pressure wave whatever is the amplitude should have no influence on humans if occurring at frequencies below or above the threshold.
Regarding the recording of the infra-sound signal, most of the infra-sound pressure fluctuations within homes nearby wind farms are characterized by an amplitude of less than 1 Pa The noise generated by wind turbines is therefore rather unusual, containing high levels (over 90 dB SPL) of very low frequency sound (infrasound) as also shown by [3] and [36] .
Human perception of low frequency noise
In the last few decades, the expansion of renewable energy installations has translated in the displacement of more and more wind farms, and many citizens living nearby the wind turbines have claimed health issues related to the presence of the turbines, mostly because of the wind turbine noise.
As the analysis of the pressure waves produced by the wind farm installations revealed low A-weighted sound pressure levels, i.e. only small amplitude of the pressure waves within the classic audible range of frequencies, some quickly dismissed these claims, downplaying the fact that significant sound pressure levels where conversely very evident in the infra-sound [1] [2] [3] .
As infra-sound designates very low frequency sounds, below the thought limit of hearing, which is around 20 hertz, the wind energy sector and the authorities tend to declare that the sounds generated are inaudible and much too weak to be the source of health problems. However, others supported the claims that inaudible sounds at low frequency are very strong in terms of sound pressure level and may be sensed by humans affecting wellbeing through different mechanisms, including amplitude modulation of heard sounds, stimulating subconscious pathways, causing endolymphatic hydrops, potentiating noiseinduced hearing loss.
There is a significant literature that explains the reasons why the wind turbine infra-sound may translate in health issues for the peoples living nearby wind farm installations thus confirming the subjective claims by thousands of citizens worldwide .
An international team of experts, part of the European Metrology Research Programme (EMRP) coordinated by the Physikalisch-Technische Bundesanstalt (PTB) and involving excellent research centers as the Max Planck Institut für Bildungsforschung (MPI) has now dealt with the fundamentals of hearing in the lower limit range of the audible frequency range (infra sound, below approx. 16 hertz), but also in the upper limit range (above approx. 16 000 hertz) [31] .
Experts of acoustics, bio magnetism (MEG) and functional magnetic resonance imaging (fMRI) have found out that humans can hear sounds lower than what had been previously assumed, and that different areas of the human brain react to sounds of different frequencies. An infrasonic source of sounds that are free from harmonics was constructed. Trial persons were asked about their subjective hearing experience. Their statements were compared with results of magneto encephalography (MEG) and functional magnetic resonance imaging (fMRI).
The results show that excitation of the primary auditory cortex is detectable from 8 hertz on, which is an octave less than what has been assumed so far. All the trial persons affirmed that they heard something whereas the observations showed a reaction in certain parts of the brain playing a role in emotions. Different parts of the brain were shown to react to different frequencies of sound. Figure 2 (courtesy Christian Kock, Physikalisch-Technische Bundesanstalt (PTB)) shows the sample activation of auditory cortex during stimulation of the ear by low-frequency sound and infra sound. The figure shows the areas of the brain stimulated by the simple sounds generated at the given frequencies. While the mechanisms of pressure waves' perception appear to be much more complex than previously thought, the results of and [31] prove that the A-weighting approach to compute nuisance of pressure waves filtering out the low and high frequencies is incorrect. As it appears that sounds of small amplitudes and short application times are sensed by the brain down to frequencies as low as 8 Hz, the logic evolution of the experiments undertaken in [31] is to include the effects of amplitude and duration of the generated pressure wave on the human response.
Humans may indeed sense much more than what is then recognized as sound. The ear is sensitive and responds to low frequency pressure fluctuations at levels that are not heard. In addition, the low frequency pressure fluctuations modulate the cochlear response to higher frequency pressure fluctuations.
As shown in [32] , the human audibility curve is characterized by a sound pressure level (SPL) in dB that increases reducing the frequency, from values of very few dB at 1000 Hz to values of more than 70 dB at 20 Hz. Within the infra sound, the audibility only requires higher SPL, for example 100 dB at 10 Hz.
If we accept the fact that there may be some analogy in between the hearing of guinea pig and humans, as proved by electrical recording from the guinea pig ear through cochlear micro phonic sensors, the outer hair cells of the ear respond to infra-sound stimuli at moderate levels below the audibility curve and outer hair cell responses to infra-sound are maximal when ambient sound levels are low [33] .
The most part of the papers reviewed in the present literature survey of the effects of wind farm noise are from the medical sector. As also synthetically shown in http://oto2. wustl.edu/cochlea/, there is indeed a significant body of evidence in the medical sector that the high amplitude low frequency fluctuations may create health issues. It is therefore certain that the low frequency noise deserves further investigations.
Is There an Opportunity to Cancel and Mitigate Infra sound?
If the low frequency noise is an issue, role of engineers is to properly monitor the issue, and eventually find a solution through cancellation and/or mitigation. Anti-sound is certainly not a novelty [34] . Anti-sound devices work by analyzing the sound waves recorded from an array of microphones and generating sound waves from an array of speakers that are exactly same amplitudes and frequencies but out of phase to cancel the sound waves within a given enclosed volume. For sake of simplicity, every noise may be approximated as the sum of n sinusoidal pressure waves of the form:
with A k , ω k and φ k the amplitude, frequency and phase of the k component. The active sound cancellation device emits sound of same amplitude and frequency but opposite phase of the recorded infra-sound φ k +π. Problem of the technique, the instantaneous incoming sound may differ considerably from the instantaneous generated sound, and therefore the noise may be reduced but not completely cancelled. It is indeed nearly impossible to reproduce a wind farm waveform using speakers or other devices, as reproducing the accurate infra-sound waveforms that respects the original phase relationships and rapid pressure changes has already proven to be extremely challenging, even if not reported yet in the literature. As the creation of an active anechoic chamber, apart from being difficult, is not even wanted, as humans do not like such quietness even worse than they do not like the high amplitude infra sound, there is therefore the need to carefully shape the sound spectra by cancellation and mitigation, where mitigation refers to the generation of sounds in the audible frequency range to improve wellbeing.
While by applying the same anti sound concept including the frequencies lower than the classic audible (i.e. below 20 Hz) is not certainly a novelty, it is an innovation of the Wind Farm Infra-sound Active Cancellation and Mitigation device proposed in [? ] to record the infrasound pressure fluctuations with appropriate devices, micro barometers more than classic microphones, and generate about same amplitudes and frequencies but opposed phase infra-sound pressure fluctuations, and additionally to generate sound pressure fluctuations to reduce the sensing of the residual infra-sound and improve well-being.
The proposed device builds on the following principles:
1.
For every frequency ω, there is one audible amplitude A.
2.
By reducing the frequency ω the amplitude A for audibility increases. 3.
Humans may sense sounds of amplitudes below what they hear.
4.
Infra sounds may be sensed if the amplitudes are large enough.
5.
The sensing of every individual component in a pressure wave train is not independent. An array of devices controlled by a single control unit is needed to mitigate the infra-sound perception in a room. The active infra-sound cancellation and mitigation device targets the reduction of the infra-sound and the further reduction of the residual infra-sound sensing by producing anti infra-sound plus sound of very low amplitude that mask the residual infra-sound and improve wellbeing. Regarding active noise control, two methods are prominent in active noise control: feedforward and feedback. The feedforward method is relevant to situation when the noise can be measured at the source, for instance, close to the rotating machinery. Next, a model is developed, to calculate how this noise will be received at the point of interest. This is normally achieved by means of a transfer function. Because the noise which is measured is sampled at specified time intervals (sampling time), it is suitable to use discrete time models and a transfer function based on Laurent transformation:
Where z is the time shift operator, i.e. z −1 shifts the original signal backwards by one sample time and k is the time delay -propagation time between the measuring device and the point of interest. This latter can normally be assumed to equal the distance divided by speed of sound. The polynomials: A(z −1 ) and B(z −1 ) represent respectively the moving average and auto-regressive parts of the transfer function model. It is noted that the model may be an approximate representation of the noise path, hence the symbolT (z) is used, whereas it is assumed that T (z) represents the real noise transfer function, which is unknown.
Next, a system of noise cancellation is constructed based on the diagram in Figure 4 . The estimated transfer function must be multiplied by z l (shift forward the signal by l samples), where l represents the signal's processing time. If l<k this does not cause problems. When l>k a prediction of future signal values would need to be used, which would reduce accuracy of cancellation. If the noise generated by the rotating machine is described by a time-series n(t) which is transformed to Zdomain as n(z), and if there is an ideal anti-phase filter, the noise at the point of cancellation n c (z) is given by the equation:
The quality of noise cancellation will depend on the accuracy of estimating the noise path transfer function. The power spectral density of the reduced noise signal n c (t) can be easily calculated from the above equation as:
If the noise cannot be measured at the source but, instead, is measured at the point of interest (the noise cancellation point) an active noise control feedback algorithm, as presented in Figure 5 , can be considered.
In this approach, the signal is measured at the point of interest. When it is measured, it is already too late to counteract it. Hence, instead, a predictor is used, which calculates the value of signal l steps ahead (l is the processing time of the predictor -expressed as the number of samples). Then, the anti-phase device will apply the inverse of the predicted signal at the exact time when the actual signal appears at the point of interest (measuring device). The transfer function between the noise and the noise at the point of cancellation, based on Figure 5 is:
where G(z) represents the transfer function of the measuring device. Note that, in equation (9) the term: T(z)n(z) represents the noise arriving at the measuring device if no noise cancellation algorithm is applied. The equation above will enable calculation of power spectral density of the signal n c (z).
In the predictor design, for simplicity, we may assume that the predictor is a finite impulse response (FIR) system, hence defined by the equation:
or, in Z-domain:
where u is the input signal to the filter, hence equals:
The task is to design/select the coefficients h i , i = 0, 1, . . . , r, so that after substituting to the transfer function in equation (9) the power spectral density of the reduced noise signal is minimized.
As an example of applying feedback noise cancellation, the infrasound recorded by using micro-barometer described in [30] has been used here for illustration purposes. Data are courtesy of Rickard James (personal communication, email of February 19, 2016) . Here, the reading of micro-barometer has not been converted to decibels, instead the original readings in millipascal are used. The algorithm presented in Figure 5 has been applied for noise cancellation.
In the simulation, the readings from the microbarometer represent the noise arriving at the measuring point when no cancellation is applied, i.e.
T(z)n(z).
The transfer function of the measuring device (microbarometer) is assumed to be a one-sample time delay, i.e. G(z) = z −1 , and a zero-order FIR predictor is used. The infrasound was applied to the noise cancellation system step by step, with sampling rate of 50 Hz. The attenuated signal was recorded as a time series. Next, the square root of the signal's power has been calculated, for both the original signal and the attenuated signal.
This was done in batches of the width of k samples, from the beginning to the end of the time series. Two values of k were used -for comparison: k = 100, i.e. power is calculated every two seconds and K = 5,000, i.e. power is calculated every 100 seconds. Figure 6 presents results for k = 5,000. The first part of the figure is the original signal, the second part is the attenuated signal and, finally, two signals are compared on the third part. Similar layout is used in Figure 7 , which shows results for 100 seconds. It can be seen than, for this noise signal, approximately ten-fold attenuation can be obtained with a relatively simple feedback noise control design. The result is very similar, regardless how many samples are used for the calculation of the power. Further improvements would be perhaps possible with more advanced filter design, but this would require a more detailed study of the actual noise signal.
The mathematic of the filtering algorithm is intentionally oversimplified to humbly show that there may be a solution to low frequency noise cancellation. It is however very unlikely that the cancellation will completely remove all the low frequency noise. In this case, mitigation of the residual infrasound is needed. 
Discussion and Conclusions
The health issues of wind turbines related to pressure waves undoubtedly deserve more attention that what is presently accepted. Inside houses, where the audible sound of wind turbines is blocked by the walls, but the infra sound, that is still sensed by humans, readily passes through even tiny openings, the continuous exposure to infra-sound that many citizens have claimed to give them health issues should be taken more seriously.
In addition to better assess the health effects of the exposure over long time scales to low frequency high amplitude pressure fluctuations, there is certainly a scope to introduce active noise cancellation & mitigation techniques. An array of loudspeakers may indeed generate pressure wave components of same amplitude and frequency but opposite phase of the infra-sound recorded by an array of microphones and micro barometers. In addition, the loudspeakers may also produce pressure wave components within the audible range of frequencies to further reduce the sensing of the infra-sound residual components. This may objectively and subjectively improve the well-being of humans living nearby wind farm installations.
There is a need of further investigations of the human perception of low frequency noise of different amplitudes mixed to higher frequency sounds also of variable amplitude. There is definitively a need of further studies to better identify connections between health and wind turbine installations, and explore possible objective and subjective solutions including cancellation and mitigation.
